Primary transcripts (precursor-mRNAs) with introns can undergo alternative splicing to produce multiple transcripts from a single gene by differential use of splice sites, thereby increasing the transcriptome and proteome complexity within and between cells and tissues. Alternative splicing in plants is largely an unexplored area of gene expression, as this phenomenon used to be considered rare. However, recent genome-wide computational analyses have revealed that alternative splicing in flowering plants is far more prevalent than previously thought. Interestingly, pre-mRNAs of many spliceosomal proteins, especially serine/arginine-rich (SR) proteins, are extensively alternatively spliced. Furthermore, stresses have a dramatic effect on alternative splicing of pre-mRNAs including those that encode many spliceosomal proteins. Although the mechanisms that regulate alternative splicing in plants are largely unknown, several reports strongly suggest a key role for SR proteins in spliceosome assembly and regulated splicing. Recent studies suggest that alternative splicing in plants is an important posttranscriptional regulatory mechanism in modulating gene expression and eventually plant form and function. 
INTRODUCTION
The recent sequencing of plant genomes revealed that the coding region of about 80% of nuclear genes is interrupted by noncoding introns (1, 52) . The generation of functional messenger RNAs (mRNAs) from these intron-containing precursor-mRNAs (pre-mRNAs) involves excising introns with remarkable precision and joining the exons in pre-mRNAs. This process, termed "premRNA splicing," occurs cotranscriptionally in the spliceosome, a large multicomponent megadalton complex.
Soon after the discovery of exons and introns in adenovirus 2 genes (10, 19) , it was proposed that different combinations of exons could be joined together to produce multiple mRNAs from a single gene (32). Although alternative splicing has been studied with some genes as isolated events, the extent of alternative splicing in multicellular eukaryotes was not known until recently. Many recent studies suggest that alternative splicing likely plays an important role in regulating gene expression at the posttranscriptional level. Pre-mRNA splicing imprints information necessary for nucleocytoplasmic transport of spliced mRNA, nonsense mediated mRNA decay, and mRNA localization in the cytoplasm (48). In plants, it is now clear that alternative splicing is prevalent and can generate tremendous transcriptome and proteome complexity (126). As this is an emerging area of study in plants, a critical discussion on whether the alternative splicing postulated from comparisons of genomic and cDNA sequences is real and the relevance of this transcriptome/proteome diversity to plant growth and development is warranted.
In this review, I limit my discussion to alternative splicing in flowering plants, how this affects the transcriptome and proteome diversity, and implications of this complexity. The aspects of plant splicing not covered here, such as spliceosome assembly, sequence requirements for splicing of plant pre-mRNAs, localization, and dynamics of spliceosomal proteins are discussed in detail in other comprehensive reviews (16, 29, 39, 87, 88, 104, 110, 117) .
CHARACTERISTICS OF PLANT EXONS AND INTRONS
Global analysis of gene structure has revealed a number of differences in the architecture of plant and animal genes. In Arabidopsis thaliana the average gene is ∼2.4 kb long with about 5 exons and 4 introns ( Table 1 ). The highest number of experimentally verified introns in Arabidopsis is found in At3g48190, which has 78 introns and encodes a homolog of the human ATAXIA-TELANGIECTASIA MUTATED (ATM) (1) . In humans, the average gene is 28 kb long with 8.8 exons of about 130 nucleotides and 7.8 introns with an average size of ∼3000 nucleotides (67). Introns in plant genes are much shorter compared with introns in human genes ( Table 1) . Plant introns are U or UA rich and exons are G rich. The compositional bias for UA or U richness in introns is important for recognition of splice sites and for efficient splicing of introns in plant cells (16, 74, 87, 88, 104, 110, 115, 139) . The composition of introns in dicots and monocots also differs. Compared with Arabidopsis, rice introns are longer and have higher GC content ( Table 1) , suggesting differences in splicing in these two lineages. How splicing machinery identifies exonic and intronic regions in plants is poorly understood and a subject of great interest. Four intron-defining splicing signals are important for accurate splicing of pre-mRNAs in metazoans. These include (a) a consensus sequence at the 5 donor site with a conserved GU dinucleotide that is recognized by U1 small nuclear ribonucleoprotein particle (snRNP), (b) another consensus sequence at the 3 acceptor site with a conserved AG dinucleotide that is recognized by U2 auxillary factor 35 (U2AF35), (c) a polypyrimidine tract at the 3 end of the intron, which is recognized by U2AF65, and (d ) a branch point (CURAY, where R is purine and Y is pyrimidine) recognized by U2 snRNP and located about 17-40 nucleotides upstream of the 3 splice site (12) . Analysis of the 5 and 3 splice sites in all introns of Arabidopsis and rice indicates that these sites are very similar to humans with some subtle differences in the frequencies of specific nucleotides at specific positions (Figure 1) . In Arabidopsis, noncanonical splice sites occur in only 0.7% of all splice sites (1) . Analysis of sequences upstream of the 3 splice site of all Arabidopsis introns indicates that the polyprimidine stretch that is found in animals Fourteen nucleotides (7 from the exon and 7 from the intron) at the 5 and 3 splice sites of all genes in these organisms were extracted from the annotated sequences and used to construct this figure. (b) The sequence pattern at the 3 end of the Arabidopsis introns. The frequencies of A, C, G, and T at each position are represented by the height of the corresponding letter. The last 70 nucleotides of all introns were retrieved from the annotated sequences and used to generate this figure.
is mostly U in plants (Figure 1) . Recently, it was shown that U-rich elements can function as a splicing signal or a polypyrimidine tract (115) . Furthermore, the branch point sequence (CURAY) is not obvious here. This is probably because of variation in the position of the branch point in different introns. These differences between plant and animal intron architecture and composition suggest that the mechanisms involved in splice site recognition likely differ in these organisms.
SPLICE SITE RECOGNITION
Although the short consensus sequences at the donor, acceptor, and branch sites are necessary for splice site recognition, these sequences alone are not sufficient. Studies with animal systems indicate that other exonic and intronic cis-acting regulatory sequences (4 to 18 nucleotides long) that bind trans-acting factors influence splice site selection during constitutive and alternative splicing. In animal systems, these regulatory sequences are classified into four groups: exonic splicing enhancers (ESEs), exonic splicing silencers (ESSs), intronic splicing enhancers (ISEs), and intronic splicing suppressors (ISSs). In metazoans, it is established that recognition of exons and introns is achieved by these loosely conserved cis-regulatory sequences in exons and introns and their interaction with splicing regulators. Binding of proteins (e.g., SR proteins, discussed below) to these sequences regulates the recruitment of splicing machinery to splice sites. Two models termed exon definition and intron definition have been proposed to explain splice site recognition (see Figure 2 ) (9) . In organisms such as humans and other vertebrates where large intron sequences separate fairly small exons, the exon definition model is favored (22, 121) . Exons in animal pre-mRNAs contain purinerich ESEs, which are recognized by regulatory splicing factors (13) . In plants, little is known about exonic regulatory sequences. Although plant exons are rich in GC content, specific exonic sequences involved in splice Exon and intron definition models illustrate how splicing machinery accurately recognizes splice sites. The exon definition model argues that splicing machinery assembles on the exon by initially recognizing splice sites around an exon. Splicing regulators such as serine/arginine-rich (SR) and other proteins that bind to ESE recruit U1 snRNP to the 5 splice site and U2AF to the 3 splice site, which then recruits U2 snRNP to the branch point. According to the intron definition model, the intronic splicing regulator (ISR) sequences are recognized by the splicing regulators, which then recruit U1 snRNP and U2AF to the 5 and 3 splice sites, respectively. Half circles in exons and introns indicate exonic and intronic splicing enhancers, respectively. SR, serine/arginine-rich protein; BP, branch point; U2AF, U2 auxillary factor. (17, 18, 69) . The intron defintion mode of splice site recognition is thought to occur in organisms with small introns in their genes (122). There is some evidence to support both of these models in plants (15, 18, 64, 72, 92, 93, 110, 116, 130) . However, based on the high frequency of intron retention (56% in Arabidopsis and 53.5% in rice as compared with 5% in humans) in alternatively spliced transcripts in plants, it has been proposed that splice site recognition in plants occurs predominantly by intron definition (126).
COMPOSTION OF PLANT SPLICEOSOME
The spliceosome, a large RNA-protein machine, consists of 5 snRNAs and nearly 300 proteins. The assembly of the spliceosome is well understood in animals, was previously reviewed (59, 104) , and hence is covered only briefly here. In higher eukaryotes there are two types of spliceosomes. The major U2-type spliceosome, which consists of U1, U2, U4, U5, and U6 snRNPs, catalyzes the removal of introns with canonical (GT-AG) splice sites. The minor U12-type spliceosome that contains U11, U12, U4atac, U5, and U6atac snRNPs recognizes a small percentage of introns (<1% in Arabidopsis and humans) with noncanonical splice sites. All U snRNPs contain one snRNA and several proteins, some of which are common to all snRNPs. Apart from U snRNPs, the spliceosome contains many non-snRNP proteins [heterogenous nuclear ribonculeoprotein particles (hnRNPs), DExD/H-box, and SR proteins] (125). Because the ancestral eukaryotes (plasmodium, trypanosomes, yeast, and Caenorhabditis elegans) lack U11/U12, it is hypothesized that the minor spliceosome was absent in the "first eukaryote" (21) . In plants, the presence and functionality of U6atac and U12 were first reported in Arabidopsis and additional U snRNAs of the U12 spliceosome were identified using bioinformatics analysis (114, 125) . Zhu & Brendel (139) reported a total of 165 U12-type introns in Arabidopsis, and both types of introns (U2 and U12) can occur in the same gene. The composition and function of the minor spliceosome in plants appear to be similar to that in humans (84). The fact that the minor spliceosome is present in vertebrates and plants but not in ancestral eukaryotes indicates that the minor spliceosome evolved multiple times during evolution.
In plants, it is not known how many proteins make up the spliceosome. Proteomic analysis of purified animal spliceosomes has resulted in the identification of about 300 distinct proteins in this complex (59) . Although plant spliceosomes have not been isolated, analysis of the Arabidopsis genome for genes encoding spliceosomal proteins from nonplant systems has revealed the presence of many of the proteins found in metazoans (125). A total of 74 snRNA genes and 395 genes encoding spliceosomal and spliceosome-associated proteins have been identified in this model plant. Most animal spliceosomal proteins in major and minor spliceosomes are conserved in plants (84, 125) , suggesting that the composition of plant spliceosomes is most likely similar to that of animals. However, splicing regulators such as SR proteins (discussed below), SR protein kinases, and hnRNP proteins are vastly expanded in plants with many novel proteins, indicating plant-specific mechanisms in splice site recognition and splicing regulation (125). A number of in vivo studies on plant premRNA splicing have suggested differences in sequence requirements between plant and animal splice site recognition (reviewed in 16, 87, 104, 110) .
ALTERNATIVE SPLICING IN PLANTS
Alternative splicing generates two or more mRNAs from the same pre-mRNA by using different splice sites. Depending on the combination of alternatively used regions of a gene, a large number of alternatively spliced mRNAs can be generated. The most commonly observed alternative splicing types are shown in Figure 3 . Alternative splicing greatly increases transcriptome diversity and the alternatively spliced transcripts may encode distinct proteins, thus expanding the coding capacity of genes and contributing to the proteome complexity of higher organisms. Alternative splicing affects many aspects of RNA metabolism, including mRNA 
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degradation through nonsense mediated decay (NMD) and other mechanisms, mRNA recruitment to ribosomes, and translation efficiency. The effects of alternative splicing on proteins include production of protein isoforms with loss or gain of function and altered cellular localization, protein stability, enzyme activity, and/or posttranslational modifications (120). Historically, alternative splicing in plants was underappreciated primarily because it was considered rare. Until 2001, studies on alternative splicing in plants were limited to a few genes and the extent of alternative splicing in plants was not known (104) . One outcome of the large-scale sequencing of genomes and expressed sequence tags (ESTs)/cDNAs is that it allowed global analysis of alternative splicing. The alignment of all human cDNAs/ESTs with genome sequences suggests that up to 60% of human genes are alternatively spliced (94) . More recent analysis using splicingsensitive arrays containing exon junction oligos revealed that 74% of multiexon genes in humans undergo alternative splicing (57) . During the past four years, the estimate of alternative splicing in Arabidopsis increased from about 5% to 22% (1, 44, 51, 95, 97, 126, 140) . This is likely to still be an underestimate as there are still relatively few cDNA sequences in plants relative to that available in humans. Table 2 provides the URL addresses of publicly available databases on alternative splicing in plants.
To analyze the genome-wide alternative splicing events in Arabidopsis and rice, Wang & Brendel (126) aligned the gene sequences with EST/cDNA sequences. This analysis revealed that 4707 Arabidopsis genes (22% of total genes) and 6568 rice genes (21.2% of total genes) undergo alternative splicing. Unlike in humans, where exon skipping is more prevalent (Table 3) , 56% and 53.5% of all alternative splicing events in Arabidopsis and rice, respectively, are a result of intron retention, whereas exon skipping accounts for only 8% of alternative splicing events ( Table 3) . Alternative splicing due to alternative 5 and 3 splice sites is least prevalent in plants. The differences in the frequencies of alternative splicing events between plants and animals may reflect the differences in pre-mRNA splicing between these organisms. The homologs of 40% of alternatively spliced Arabidopsis genes in rice are also alternatively spliced. This conservation of alternative splicing events across phylogenetically diverse dicots and monocots suggests that this process is important. Alternative splicing of 22% of genes in Arabidopsis and rice is likely an underestimation as the number of cDNAs/ESTs used in these computational analyses is one tenth of what has been used in humans (∼330,000-380,000 in plants as compared with more than 3.1 million in humans) (14, 126) . The current estimate of alternative splicing in plants will likely increase as more cDNAs/ESTs become available for such analysis. Furthermore, the use of whole-genome tiling arrays and/or splicingsensitive chips that contain exon-exon junction probes should reveal the full extent of alternative splicing in plants (57) . In Arabidopsis, 78.4% of alternative splicing events are in the coding region. About 50% of alternative splicing events in the coding region have a premature termination codon (PTC) and are the potential targets of nonsense mediated mRNA decay (126). In nonplant systems, most transcripts with a PTC located >50 nucleotides upstream of an exonexon junction are targets of NMD (75, 118). NMD, which requires exon junction complexes (EJCs), is linked to translation and thought to occur during the "pioneer round" of mRNA translation (90). These splice variants with PTC may be degraded by NMD, which is likely to regulate the abundance of different transcripts. Plants, like nonplant systems, have essential components of the NMD pathway and detect and degrade transcripts with PTC (4, 47). Three proteins (UPF1, UPF2, and UPF3) that are critical components of the NMD pathway exist in plants. It was recently shown that knockout mutants of UPF1 and UPF3 in Arabidopsis do not degrade mRNAs with PTC (4, 47). In plants, it has been reported that some mRNAs that are degraded due to PTC do not have introns (100), suggesting that more than one mechanism for mRNA surveillance may exist in plants.
A large fraction of splice variants in plants differ only in the noncoding regions [in 5 untranslated region (UTR) and 3 UTR] of the transcripts (1, 96, 126) , suggesting that alternative splicing may have functions other than generating protein diversity and/or NMD. In Arabidopsis, 21.6% of all alternative splicing events occur in the UTRs (15.2% in 5 UTR and 6.4% in 3 UTR). These alternative splicing events may have a role in mRNA www.annualreviews.org • Alternative Splicing in Plantstransport, stability, and/or translational regulation as has been reported in animals (62, 128) . Furthermore, 5 UTR may create a new initiation codon that may or may not be inframe with the downstream initiation codon and thereby regulate translation (56) .
It is not known how many of these splice variants are actually recruited to ribosomes for translation. A transgenic line expressing a tagged ribosomal protein that permits immunoaffinity purification of polysomes should be useful for analyzing ribosomal recruitment of splice variants (133). A similar approach with a tagged ribosomal protein expressing in specific cell types using cellspecific promoters should allow analysis of splice variant recruitment in individual cell types. However, the presence of mRNAs on polysomes does not imply that those transcripts are producing protein through multiple rounds of translation. This is because mRNAs with PTC that meet the criterion for NMD also go through one round of translation. A more conclusive approach to demonstrate that the splice variants are translated is to use isoform-specific antibodies that recognize the predicted proteins.
In plants, the extent of cell-type specific alternative splicing of pre-mRNAs is not known. This is primarily because of our inability to obtain individual cell types. However, recent advances in fluorescent tagging of all root cell types and isolation of individual cell types by fluorescence-activated cell sorting should permit such an analysis (11) . Analysis of alternative splicing in different cell types using splicing-sensitive arrays is expected to provide novel information on cell-specific alternative splicing and its role in cell fate.
Alternative Splicing of Pre-mRNAs of Splicing Regulators
Functional categorization of alternatively spliced genes using gene ontology has revealed that genes in all functional categories undergo alternative splicing. However, some functional groups are over-represented (threefold higher than overall alternative splicing), whereas other functional groups are under-represented in both Arabidopsis and rice (126). The over-represented gene ontology terms are "nuclear speckle" and "light harvesting complex" (126). It is interesting that most of the nuclear speckle proteins are either involved in pre-mRNA splicing or other aspects of RNA metabolism. Other studies also indicate that genes encoding splicing regulators are extensively alternatively spliced. Many rice SR genes, a conserved family of splicing regulators, generate multiple transcripts (55). Analyses of pre-mRNA splicing of 19 Arabidopsis SR genes indicate extensive alternative splicing. Remarkably, about 95 transcripts are produced from only 15 genes, thereby increasing the complexity of the SR gene family transcriptome by sixfold (98) . Furthermore, alternative splicing of some SR genes is controlled in a developmental and tissue-specific manner, indicating tight regulation of alternative splicing and leading to differences in the abundance of splice variants in tissues and at developmental stages. Sequence analysis of splice variants revealed that predicted proteins from most of these variants either lacked one or more modular domains due to in-frame translation termination codons or contained additional amino acids at the end (55, 98). Because of the modular nature of various domains in SR proteins, the proteins produced from splice variants may have altered functions. For example, proteins that lack one of the domains may be localized differently or may still interact with some spliceosomal proteins and function as dominant negative regulators. The fact that the alternative splicing type in many genes including SR genes is conserved across phylogenetically divergent organisms strongly suggests a biological role for alternative splicing (50, 126, 138).
Regulation of Alternative Splicing of Spliceosomal Genes by Stresses
Several reports indicate that various biotic (viral and bacterial pathogens) and abiotic stresses (heat, cold, heavy metals) influence alternative splicing of pre-mRNAs (25, 58, 88, 98, 104, 136) . Heat stress inhibits splicing of pre-mRNAs of maize polyubiquitin and hsp70 (20, 46) , Arabidopsis hsp81, and rice waxy gene (68). Exposure of maize seedlings to cadmium increased the level of unspliced, intron-containing transcripts (91). Interestingly, temperature stress (cold and heat) dramatically altered alternative splicing of premRNAs of several SR genes (98) . In several cases, new splice variants appeared in response to stress. In addition, some splice variants either increased or decreased by abiotic stresses. These results suggest that stresses alter SR protein expression, which in turn alters the splicing of other pre-mRNAs including SR pre-mRNAs.
A recent study supports this, reporting that cold and other stresses affect alternative splicing profiles of Arabidopsis genes (51). It has also been shown that manipulating the expression of SR protein alters the splicing of its own pre-mRNA and other SR genes (60, 79) . STABLIZED 1 (STA1), which encodes a stress-induced nuclear protein similar to the human 102 kD U5 snRNP-associated protein, is necessary for pre-mRNA splicing of a cold-induced gene and turnover of unstable mRNAs (73). Expression of one of the U1 snRNP-specific proteins (U1A) or the PRP38-like spliceosomal protein increased salt tolerance in yeast. Overexpression of the PRP38-like protein conferred salt tolerance in Arabidopsis plants (30). Proteins implicated in other aspects of mRNA metabolism (e.g., mRNA export, mRNA capping) were also reported to be important in ABA signaling and plant responses to abiotic stresses (30, 38, 49, 63, 76, 129). Together these results indicate that pre-mRNA splicing and mRNA metabolism play important roles in stress responses. How stress alters the alternative splicing pattern of plant SR genes remains to be elucidated. Stress may regulate alternative splicing by altering the (a) ratio of splicing factors by changing splicing pattern, (b) subcelluar redistribution of splicing regulators (SRs, hnRNPs, proteins kinases, etc.), (c) phosphorylation/dephosphorylation status of splicing regulators, and/or (d ) expression of SR genes.
Stress regulation of alternative splicing of splicing regulators may allow plants to quickly regulate splicing and gene expression of many unrelated genes. Accumulating evidence suggests that stresses change the alternative splicing of splicing regulators. There is also evidence for autoregulation of alternative splicing of SR genes as well as regulation by other SR proteins. Feedback positive and negative autoregulation or regulation of SR pre-mRNAs by other SR proteins may be involved in stress-regulated alternative splicing. There are several examples of autoregulation of alternative splicing of spliceosomal genes (SR30, SRZ33, GRP7) as well as regulation of alternative splicing of other spliceosomal proteins (U1-70K, SR1, AtGRP8) by other SR proteins. The combined effect of these is altered constitutive and alternative splicing of other genes, resulting in altered transcriptome in response to these signals (Figure 4) . This enables plants to rapidly alter their transcriptome posttranscriptionally in response to changing environmental conditions.
Do Splicing Errors Contribute to Enhanced Transcriptome Complexity?
It is now clear that splice variants are abundant in plants. One reason for this extensive alternative splicing might be that the splice variants have important functions in increasing proteome size and/or regulating the abundance of functional transcripts by regulated unproductive splicing and translation (RUST) (118). However, it is not known if the splice variants are genuine and whether they represent products of regulated splicing with functional implications. The mere presence of a splice variant in tissues does not mean that it has a biological function. An alternative explanation for the observed transcriptome complexity is that pre-mRNA splicing in plants is inherently inefficient and the multiple spliced variants are generated due to splicing errors. Although there are no documented cases of splicing errors by the spliceosome (41), it is likely that splicing machinery (like replication machinery) makes occasional splicing errors, resulting in the generation of splice variants. However, a biological role for these cannot be excluded. Several observations suggest that splice variants may have a biological role. First, if the generation of splice variants was due to splicing errors then one would expect that most intron-containing genes should produce splice variants. However, alternative splicing is predominant in some gene families whereas other gene families with similar size and number of introns do not produce splice variants. Second, in many cases alternative splicing occurs in genes that encode multidomain proteins where splice variants encode proteins that differ in their domain organization and hence are likely to differ in function. Third, numerous studies have provided evidence that alternative splicing in plants is regulated by tissue-specific, developmental cues and stresses (34, 60, 79, 98, 113, 131). Fourth, the position of alternatively spliced introns is conserved across evolutionarily distant plants (Arabidopsis, rice, and ferns) (50, 55, 126). Fifth, splice isoforms with introns are recruited for translation (97) . Sixth, many mRNAs with retained introns are not removed by RNA surveillance mechanisms in the cytoplasm. Finally, and most importantly, in a few cases where biological functions of splice variants were investigated, the presence of splice variants, including the intronretained forms, was necessary for gene functioning (see below). Hence, all splice variants deserve close scrutiny to determine if they have a regulatory role before they are ignored as artifacts. Only detailed functional studies with each splice variant of a gene can resolve this. However, because of the vast number of splice variants, it is a daunting task to address functions of all isoforms. One way to deal with this initially is to narrow the candidates using the conservation of the alternative splicing event in phylogenetically diverse organisms. However, there is a caveat in assuming that only conserved alternative splicing types are meaningful. Alternative splicing events that are not evolutionarily conserved are not necessarily unimportant as they may be specific to one organism and reflect the biology of that organism and/or might have evolved more recently and contributed to the diversification of species.
SERINE/ARGININE-RICH PROTEINS
SR proteins, a family of conserved splicing factors, contain one or two RNA recognition motifs (RRMs) at the N terminus and a C-terminal domain with many repeating arginines and serines [the arginine/serine-rich (RS) domain]. The SR proteins are essential splicing factors required for both constitutive and alternative splicing (13) . They bind pre-mRNAs and function as activators or repressors of both constitutive and alternative splicing. The RRM recognizes cisacting sequences in pre-mRNA, and the RS domain functions as a protein-protein interaction module to recruit other proteins of the splicing machinery and contacts the premRNA branch point (111) . In addition, RS domains harbor signals for nuclear and subnuclear localization and nucleocytoplasmic shuttling (13) . Among eukaryotes, flowering plants have the highest number of SR proteins with a total of 24 in rice and 19 in Arabidopsis (50, 55, 103). The differences between plants and animals in intron/exon architecture and plant-specific cis-elements involved in pre-mRNA splicing could partly account for this expansion. The presence of novel plant SR proteins and expansion of this family of proteins in plants coupled with increased transcriptome complexity of SR genes and complex interactions with spliceosomal proteins (see below) indicate that these proteins play key roles in plant pre-mRNA splicing.
In metazoans, RS domains of SR proteins are extensively phosphorylated in vivo and this is thought to influence their RNA binding activity and subcellular localization, protein-protein interactions, RNA-protein interactions, and splicing activities (13, 112 (103) . Ectopic expression of a LAMMER-type kinase in Arabidopsis altered the splicing pattern of spliceosomal genes (SR30, SR1/SR34, and U1-70K), as well as the expression of numerous other genes, and caused development defects (108) .
Interaction studies revealed a complex network of direct interactions among SR proteins and SR protein interactions with other spliceosomal proteins (35, 36, 42, 78, 84, 85) ( Figure 5) . In addition to interactions with other SR proteins, they interacted with three other groups of proteins. These include U1 and U11 snRNP-specific proteins (70K/35K), protein kinases, and cylcophilins. U1 and U11 snRNP play a key role in 5 splice site recognition in major and minor spliceosomes, respectively (34, 37, 104). Hence, the known interaction of five SR proteins with U1-70K and 11 SRs with U11-35K strongly suggests their involvement in recruiting corresponding snRNPs to the 5 splice site and/or connecting these snRNPs to other members of the spliceosome. Furthermore, the interaction of several plant-specific SR proteins with U1-70K and U11-35K indicates that early stages of spliceosome formation and/or splice site selection in plants may differ (SRPK, AFC) that phosphorylate SR proteins suggest regulation of activity/function of these proteins by phosphorylation and dephosphorylation. As described above, phosphorylation of some SR proteins by these kinases has been shown in vitro. Cyp59 interacts with 11 SR proteins and also with the C-terminal domain of the largest subunit of RNA polymerase II (42), suggesting that it may be involved in and/or connecting both of these processes. In summary, these complex interactions of SR proteins indicate their importance in splice site recognition and spliceosome assembly. Sixteen of the 19 SRs are localized to the nucleus in a diffuse nucleoplasmic pool and in speckles (2, 26, 82, 83, 106, 123) . Heat caused dramatic reorganization of speckles (2), suggesting that redistribution caused by heat may affect splicing.
REGULATION OF CONSTITUTIVE AND ALTERNATIVE SPLICING
Expression studies using Northerns, reverse transcription-polymerase chain reaction (RT-PCR) and promoter-reporter fusions have shown differential expression of SR proteins in different tissues and cell types (27, 35, 36, 60, 70, 79, 81). Most SR proteins showed distinct as well as overlapping expression patterns. Expression data from microarrays indicate that all SR genes are expressed in different tissues at different levels (http://www.weigelworld.org/resources/ microarray/AtGenExpress/). These data also indicate that SR genes show relatively low expression.
There is no in vitro splicing system derived from plant cells. Hence, plant biologists have relied on three approaches to analyze SR function in pre-mRNA splicing. First, an animal in vitro splicing system was used to demonstrate whether plant SRs function as essential splicing factors. Second, proteins are constitutively overexpressed either stably or transiently and analyzed for alternative splicing of genes. Finally, gene knockout lines are beginning to be used for functional studies. Using the first approach, it has been shown that several plant SR proteins, including some plant-specific ones, can complement the splicing-deficient HeLa cell S100 extract and promote splice site switching in vitro (71, 79-81). Overexpression of SR30 influenced splice site choice and changed the alternative splicing pattern of its own pre-mRNA and that of several other endogenous plant genes (RS31, SR34, U1-70K). Similarly, overexpression of maize ASF/SF2-like proteins in cultured cells also altered 5 splice site selection (31). Ectopic expression of SR30 greatly reduced the amount of SR1/SR34 full-length mRNA and showed pleiotropic changes in morphology and development, including larger rosette leaves and flowers, four-or five-branched trichomes, reduced apical dominance, and delayed transition from the vegetative to the flowering stage (79). Overexpression of another SR protein (RSZ33) altered the splicing pattern of two other SR genes (SR30 and SR1/SR34) whereas the splicing of SR30 was enhanced and correct splicing of the tenth intron of SR1/SR34 was promoted (60) . It was also shown that RSZ33 regulates its own expression.
In addition to splicing changes, RSZ33 overexpression showed many developmental abnormalities including twin embryos, impaired bilateral symmetry during embryogenesis, abnormal flowers and trichomes, enhanced cell expansion and changes in cell polarity, and reduced pollen germination (60 (3) . These studies indicate the role of SR proteins as important regulators of constitutive and alternative splicing of pre-mRNAs. However, overexpression of several rice SR proteins in rice plants showed no obvious phenotypes in plant growth and development (55). A mutant of rice RSZ36 also showed no growth or developmental defects. It is likely that some SR proteins have redundant functions and the lack of one is compensated for by other related SR proteins. In C. elegans, inactivation of some single SRs showed no phenotypes whereas inactivation of two or more SR proteins simultaneously caused lethality or developmental defects (77). Because plants have a large number of SR proteins, including several closely related ones, functional redundancy may pose a problem in analyzing their function(s) using a single gene knockout approach. Generating double and triple knockout may be necessary to unravel their functions.
Studies on splicing of U2 and U12 introns in plant cells have shown that the splicing efficiency of plant pre-mRNAs depends on both intronic elements (U or UA content), composition of exons, and/or other potential signals (ISEs/ISSs, ESEs/ESSs) (104) . However, specific cis-elements that bind to plant SR proteins have not been identified. Some RNA binding proteins that interact specifically with U-rich sequences were identified in plants (66). Overexpression of one of these proteins [U-rich binding protein 1 (UBP1)] enhanced the splicing of poorly spliced U2 introns, suggesting that UBP binding to the U-rich sequences in introns recruits splicing machinery to pre-mRNAs. However, overexpression of UBP1 did not affect the splicing activity of U12 introns (74), suggesting differences between U2 and U12 intron splicing. UBP1 interacts with two plant-specific proteins (UBA1a and UBA2a) that contain one (UBA1) or two (UBA2) RRMs and an acidic domain. Both of these proteins, like UBP, bind oligouridylates. Overexpression of these proteins enhanced steady-state levels of reporter mRNA either in a promoter-dependent (in the case of UBA1a) or promoter-independent (in the case of UBA2a) manner (65, 86) . Each of these proteins belongs to a small gene family consisting of three members each. It was proposed that these proteins function as a complex and stabilize mRNA by binding to U-rich sequences. There are a large number of hnRNPs in plants, including some plantspecific ones that might be important for splicing regulation (125). Overexpression of one of these RNA binding proteins (AtGRP7) altered the alternative splicing pattern of its own pre-mRNAs and those of another RNA binding protein (AtGRP8) (119). However, the functions of many hnRNP proteins are unknown.
The importance of the GC content in exons in efficient splicing has also been shown in plants (17, 69 ). An AG-rich exonic element that is capable of promoting downstream 5 splice site selection was reported (93). Yoshimura et al. (131) identified a putative cis-element (with a high AU content), which is highly conserved in this gene in various plants, upstream of the acceptor site in intron 12. Deleting this element reduced the splicing efficiency of intron 12, confirming the importance of this element in splicing. Using gel shift assays it was shown that a nuclear protein binds to this cis-element. However, the identity of this protein is not known. There are other examples in plants where alternative splicing regulates enzyme activity, protein function, or cellular localization of a protein (104) . The exon upstream of the U12 intron in Luminidepends (LD) contains two regions (potential ESEs) that increase splicing (74). It is speculated that SR proteins and/or other RNA binding proteins bind to these elements and promote spliceosome assembly. Figure 6 shows the potential roles of plant SR and other RNA binding proteins during the early stages of spliceosome formation.
Currently, an NSF 2010 project aimed at identifying splicing signals in plants using computational tools and experimental 65 , U2 auxillary factor large subunit; U2AF 35 , U2 auxillary factor small subunit; hnRNP, heterogeneous nuclear ribonucleoprotein particle proteins.
verification of the predicted ESE using splicing reporters is underway (http://www. life.umd.edu/labs/mount/2010-splicing/). Systematic evolution of ligands by exponential enrichment (SELEX) and genomic SELEX have been successfully used to identify target sequences for the RRMs of metazoan SR proteins and other RNA binding proteins (13, 61) . Using genomic SELEX to identify natural binding sequences of plant SR proteins should also be useful in identifying regulatory cis-elements. It is likely that at least some cis-elements involved in alternative splicing of plant pre-mRNAs are conserved during evolution. With the availability of the complete genome sequence of several phylogenetically diverse plants and the expected completion of genomes of other crop plants together with ESTs/cDNAs (33, 52, 132), it should be possible to use bioinformatics tools to identify the putative exonic and intronic cis-regulatory sequences involved in constitutive and regulated splicing. The activity of such predicted elements can then be tested experimentally. In animals, such analyses are already providing some useful insights into regulated splicing (40).
BIOLOGICAL ROLES OF ALTERNATIVE SPLICING
Although several thousand plant genes are now known to produce multiple transcripts (104, 126 ), the precise functions of most of the splice variants and their encoded proteins are not known. Functional studies conducted with a few splice variants indicate important functions of alternative splicing. In only a few of the following examples proteins encoded by splice variants have been verified using isoform-specific antibodies or amino acid sequence analysis (127, 131).
Photosynthesis
It is interesting that one gene of the overrepresented class of alternative splicing genes www.annualreviews.org • Alternative Splicing in Plantsbelongs to photosynthesis. Rubisco activase, a nuclear-encoded chloroplast protein required for the light activation of ribulose 1,5-bisphosphate carboxylase/oxygenase (Rubisco), was one of the first genes to show alternative splicing in dicots and monocots and to generate two proteins that differ only at the carboxyl terminus (107, 124, 127, 137) . Although both forms activate Rubisco, only the large isoform is redox regulated (134, 135).
Defense Responses
Some reports indicate that alternative splicing of pre-mRNAs of resistance (R) genes plays an important role in plant defense responses. In tobacco, the N gene, a member of a class of R genes that encode proteins with Toll/interleukin 1 receptor (TIR)-nucleotide binding site (NBS)-leucine-rich repeat (LRR) (TIR-NBS-LRR) domains, confers resistance to tobacco mosaic virus (TMV). The N gene produces two transcripts [a short (N S ) and a long (N L ) transcript] that lack or contain, respectively, an alternative exon in intron 3. The N S encodes the fulllength protein (1144 amino acids) whereas the inclusion of the alternative exon in the N L shifts the reading frame, resulting in a truncated protein (652 amino acids) that lacks 13 of the 14 LRR regions. TMV infection regulates the splicing pattern of the N gene in such a way that N L becomes more abundant after 4-8 h of infection (25). Transgenic plants expressing N S transcript did not show complete resistance to TMV. Interestingly, transgenic lines expressing N S cDNA containing intron 3 and the 3 sequence of the N gene or a genomic region capable of producing both N S and N L transcripts showed complete resistance, suggesting the importance of regulated alternative splicing of the N gene in disease resistance (25). Alternative splicing was also observed with pre-mRNAs of several other plant disease R genes encoding the TIR-NBS-LRR family of proteins (58) . Arabidopsis RPS4, another disease R gene that encodes a member of the TIR-NBS-LRR family, produces three transcripts by alternative splicing. In addition to a constitutively spliced transcript, retention of intron 2 and 3 or only intron 3 generates two other transcripts with an in-frame stop codon. Zhang & Gassmann (136) demonstrated that the presence of constitutively as well as alternatively spliced transcripts is necessary for RPS4 function. Although these reports established the requirement of alternative transcripts, a mechanistic understanding of how these splice variants function is unknown.
Flowering
Alternative processing of FCA pre-mRNA controls the developmental switch from the vegetative to the reproductive phase. FCA, which encodes a nuclear ABA receptor with an RNA binding domain, produces four transcripts (α, β, γ, and δ) by alternative processing (101, 102) . Three (α, β, and γ) of these are generated by differential processing of intron 3. In transcript α, intron 3 is retained, premature cleavage and polyadenylation within intron 3 yields transcript β, and removal of intron 3 generates transcript γ. Alternative splicing of intron 13, resulting in excision of a large intron, yields transcript δ. Only transcript γ encodes the full-length protein, which complements the late flowering phenotype in fca. The other three encode truncated proteins. Alternative splicing of the FCA transcript limits the amount of FCA protein, both spatially and temporally, which in turn controls flowering. Quesada et al. (101) demonstrated that FCA negatively regulates its own expression by promoting cleavage and polyadenylation within intron 3. This generates a truncated inactive transcript, which limits the production of full-length FCA mRNA, and this autoregulation prevents precocious flowering. Alternative processing of intron 3 of FCA is conserved between Arabidopsis and Brassica napus (89), suggesting that alternative splicing is also important in the transition to flowering in other species. Thermal induction of flowering upregulates genes involved in RNA splicing, including 6 SR proteins (6) . Overexpression of SR30 that regulates alternative splicing of other SR pre-mRNAs results in delayed flowering (79), implying a role for regulated splicing in flowering.
Grain Quality in Rice
In rice, the amylose quantity affects the seed quality. A high amylose quantity in rice grains is not desirable. The cultivated rice species, which have less amylose content in the endosperm, are derived from wild varieties that have high amylose content. A single mutation at the 5 splice site of one gene (Waxy) that affects the alternative splicing of its premRNA results in the reduced levels of amylose. The Waxy (Wx) gene encodes a granulebound starch synthase that is necessary for the synthesis of amylose in endosperm. 
EVOLUTION OF ALTERNATIVE SPLICING
Although pre-mRNA splicing occurs in all eukaryotes, alternative splicing is more prevalent in highly evolved multicellular eukaryotes as compared with ancestral unicellular eukaryotes. The number of intron-containing genes and the extent of alternative splicing have increased considerably from ancestral unicellular eukaryotes to complex multicellular organisms. In plants and animals, 80%
of genes have introns, with up to 74% of intron-containing genes undergoing alternative splicing. In contrast, the budding yeast has introns in about 4% of its genes (∼250 out of the 6000 genes) and only six of these have two introns (7) . Alternative splicing in unicellular eukaryotes such as budding yeast is rare or nonexistent (7, 23, 41) , suggesting that alternative splicing may have evolved more recently. However, it is also possible that the rarity of alternative splicing in unicellular organisms could be a derived state owing to the loss of alternative splicing machinery.
How did alternative splicing evolve? Comparing splice sites in unicellular eukaryotes that show no alternative splicing with multicellular eukaryotes that show extensive alternative splicing reveals a high degree of plasticity in the 5 splice sites in multicellular organisms (5) . Two theories have been proposed to explain the evolution of alternative splicing (5) . According to one theory that is sequence based, mutations in a constitutive splice site result in a suboptimal or weaker site, thereby allowing the splicing machinery to skip the splicing site. The second transfactor-based model invokes the evolution of splicing regulatory factors, which might result in an increase or decrease in the binding of the splicing machinery to constitutive sites. This is expected to release the selective pressure from the splice site, thereby allowing mutations that weaken the splice site. These two theories are not mutually exclusive and both may have contributed to the evolution of alternative splicing. The vast expansion of splicing regulators such as hnRNPs and SR proteins in complex organisms such as humans and plants may have partly contributed to an increase in alternative splicing in these organisms. 104) . Recent analysis of expression data of all Arabidopsis genes reveals that highly expressed genes have four or more introns (1), which supports earlier reports that introns enhance gene expression. Thus, a better understanding of pre-mRNA splicing will have implications in optimizing transgene expression in plants. Furthermore, analysis of alternative splicing across phylogenetically divergent as well as closely related species may also help us understand if transcriptome diversity generated by alternative splicing contributed to speciation. It appears that alternative splicing in plants will take center stage and emerge as an important posttranscriptional regulatory mechanism in fine-tuning gene expression.
CONCLUDING REMARKS

SUMMARY POINTS
1. Although plant spliceosomes have not been isolated, analysis of the completed sequences of the Arabidopsis genome for the presence of known spliceosomal proteins in nonplant systems indicates that the core spliceosomal machinery is conserved between plants and animals. However, specific families, especially splicing regulators, are greatly expanded in plants and some plant splicing proteins do not have homologs in animal systems, suggesting the existence of plant-specific splice site recognition and splicing regulatory mechanisms.
2. Plant and animal introns have similar 5 and 3 splice sites. However, plant introns differ from animals in their size, nucleotide composition, branch point sequence, and polypyrimdine tract. These differences indicate that some of the initial events involved in splice site recognition are likely unique to plants.
3. Alternative splicing in flowering plants is much more prevalent than previously thought, with pre-mRNAs of more than 21% of all genes producing multiple transcripts generating considerable transcriptome complexity and likely proteome diversity. Intron retention accounts for more than 50% of all alternative splicing events in plants, but it is not prevalent in animals.
4. The large number of SR proteins in flowering plants, including several plant-specific members, and their structural features, localization, and complex network of interactions among themselves and with other spliceosomal proteins strongly indicate an important role for these proteins in the early stages of spliceosome assembly and regulated splicing.
5. Pre-mRNAs of SR proteins undergo extensive alternative splicing. Because SR proteins are modular and are involved in multiple stages of splicing, it is likely that the splice variants and the encoded proteins are functionally significant. 
